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Chapter 4:  Hydrated M
+
(2-amino-1-phenyl ethanol) Cluster Ions 
 
Introduction 
The molecule 2-amino-1-phenyl ethanol (APE) serves as a building block for 
neurotransmitters such as ephedrine and adrenaline.  Spectroscopic and theoretical studies of 
APE, protonated APE and hydrated APE have been reported in the literature,
1-6
 but no group has 
studied the effects of a cation such as sodium or potassium, two monovalent ions abundant in 
biological systems.  Electrostatic interactions compete with other noncovalent interactions 
(water-water and APE-water) to direct the structures of hydrated APE cluster ions.  It is 
understood that the structure and function of biomolecules are linked, so an accurate 
understanding of the structure of APE in different environments is a crucial first step in 
understanding the function of APE and other related neurotransmitters.  
The first spectroscopic study of bare and singly-hydrated APE was performed by Simons 
and coworkers using UV-UV holeburning and IR-UV ion dip spectroscopy.
2
  Two stable isomers 
of APE were identified, with each containing an intramolecular hydrogen bond in which the OH 
group acts as a proton donor to the nitrogen.  The two structures, shown in Figure 4.1, differed in 
the orientation (either anti or gauche) of the C-C-C-N chain, and the anti configuration (named 
AG1) was assigned as the experimentally-preferred conformer by a ratio of almost 3:1.
2
  
Torsional path integral Monte Carlo (TPIMC) simulations support the preference for the AG1 
structure.
5
   
APE(H2O)n structures can be classified as “addition” or “insertion” depending on 
whether the water molecule acts as a proton donor to the alcohol group (leaving the 
intramolecular hydrogen bond intact) or inserts into the intramolecular hydrogen bond.    The 
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Addition of a second and third water molecule result in similar structures in which a chain of 
water molecules is inserted into the APE intramolecular hydrogen bond.
3
  This creates a 4- or 5-
member chain in which each oxygen and nitrogen acts as both a single donor and single 
acceptor.   
When a cation is present, the possible configurations are expanded beyond the simple 
“addition” or “insertion” classification.  The cation can interrupt the intramolecular hydrogen 
bond or be positioned over the phenyl ring, leaving the hydrogen bond intact.  The water 
molecules then have the opportunity to interact with the cation or the APE molecule, creating 
many possibilities for the M
+





(APE)(H2O)n cluster ions identified during a geometry search.    





(APE)(H2O)0-3Ar0,1 are presented here along with density functional theory (DFT) calculations 
which were used to aid the interpretation of the spectra.  The spectra generated with and without 
the use of argon tagging are compared to study the influence of internal energy on the observed 
cluster ion structures. 
 






(APE)Ar spectrum (Figure 4.3, top) is fairly simple, but yet very different from 
the spectrum of the APE monomer.
2, 3
  In the previously-reported APE spectra, the strongest 
feature (attributed to the APE intramolecular hydrogen bond) appeared near 3530 cm
-1
, while the 
most prominent feature in the Na
+
(APE)Ar spectrum appears near 3225 cm
-1




 are typically assigned to CH stretching vibrations.  Specifically, the region from 
3000-3150 cm
-1
 is attributed to aromatic CH stretches, and the region from 2850-3000 cm
-1
 is 
attributed to aliphatic CH stretches from the APE molecule.  It is difficult to compare the 
features in this spectral region based on DFT-predicted frequencies, so the focus will be instead 
on the higher-frequency portion of the spectrum.  In addition to the CH stretches, the 
Na
+
(APE)Ar cluster ion should have one OH stretching vibration and two NH stretching 
vibrations.  Depending on the orientation of the APE molecule, the OH group could either be 
free or involved in an intramolecular hydrogen bond with the amino group.  A free OH group 
would produce a feature between 3650-3680 cm
-1
, which is clearly inconsistent with the 
observed spectrum.  Instead, the strong feature near 3225 cm
-1
 must come from a hydrogen-
bonded OH stretch in which the OH group acts as a proton donor to the amino group (as 
observed for the APE monomer).  The remaining features near 3365 and 3435 cm
-1
 are assigned 
to the symmetric and asymmetric stretches of the terminal amino group, respectively.  Several 
calculated Na
+
(APE) spectra are shown in Figure 4.4, and the one associated with isomer Na0c 
clearly has the best agreement with the experimental spectrum.  This isomer is essentially the 
same as the AG1 isomer previously assigned to the bare APE molecule (with the Na
+
 interacting 
with the phenyl ring and the oxygen lone pairs),
2, 3
 but the hydrogen-bonded feature in this case 
appears almost 300 cm
-1
 lower in frequency  because the sodium cation enhances the 
intramolecular hydrogen bond. 
Isomer Na0c has the best agreement with the experimental spectrum, but it was not 
predicted to be the preferred isomer for Na
+
(APE).  Based on our calculations, isomer Na0a 
(which has the sodium ion positioned between the OH and NH2 groups) is almost 20 kJ/mol 
lower in energy.  The higher-energy isomer must be trapped during cluster ion formation.  When 
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the cations impact the neutral APE(Ar)n clusters, the argon atoms evaporate quickly, removing 
internal energy from the cluster ions.  In this case, the cluster ions do not have sufficient energy 
to overcome the barrier to reach the energetically-favorable conformation.  We have recently 
reported similar trapping mechanisms for a variety of systems.
7-9
   
The K
+
(APE)Ar spectrum (Figure 4.3, bottom) is virtually identical to the Na
+
(APE)Ar 
spectrum, which makes the assignment very straightforward.  Again, the isomer with the cation 
interrupting the intramolecular hydrogen bond (K0a) is the energetically-preferred isomer, but 
the isomer which leaves the hydrogen bond intact (K0b) has the best agreement with the 
experimental spectrum.  Interestingly, there is not a strong energetic preference (Figure 4.2) for 
isomer K0a compared to K0b as there was for Na0a compared to Na0c.   
Since the potassium ion has a weaker electrostatic interaction with the APE molecule 
than the sodium cation, the spectral feature assigned to the intramolecular hydrogen bond is 









(APE).  The actual features are centered near 3290 
(K
+




), so the calculations are not quite able to reproduce the magnitude of 
the frequency shifts associated with the enhanced intramolecular hydrogen bonds. 
The CH stretching regions of both M
+
(APE)Ar spectra are very consistent.  This supports 





When a single water molecule is added to the M
+
(APE)Ar cluster ions, the only new 
features in the spectra (Figure 4.5) appear near 3585 and 3710 cm
-1





(APE)(H2O)Ar (with the new features in the sodium spectrum appearing ~5 cm
-1
 higher in 
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frequency compared to the potassium spectrum).  This simplicity in the OH stretching region 
suggests that only one isomer is present in each of these experiments.  A gas-phase water 





  In the presence of a cation such as sodium or potassium, these stretches are 
expected to be red-shifted slightly.
9, 11-13
  For the M
+
(APE)(H2O)Ar cluster ions, calculations 
predict the symmetric and asymmetric stretches to be located near 3640 and 3730 cm
-1
, 
respectively, for a “free” water molecule.  In this case, a free water molecule is one which 
interacts with the cation but not the APE molecule, such as in isomers Na1a, Na1b, Na1d, K1a 
and K1b.  These would not be good assignments, however, for the M
+
(APE)(H2O)Ar spectra 
since the lower-frequency OH stretch appears significantly below 3640 cm
-1
.  Instead, isomers 
Na1c and K1c are in much better agreement.  These isomers contain a π-hydrogen bond between 
the water molecule and the APE phenyl ring, with a predicted vibrational frequency close to 
3600 cm
-1
.   
Thermodynamically, the energies of isomers K1a, K1b and K1c are within 2 kJ/mol, so 
any of the three isomers could potentially contribute to the experimental spectrum; however, 
there is clearly a preference for isomer K1c to be populated.  Isomer Na1c is almost 20 kJ/mol 
higher in energy than the minimum-energy sodium structure (Na1a), so once again, this isomer 





When the cluster ions are stabilized via evaporation of water rather than evaporation of 
argon, the resulting cluster ions contain a greater amount of internal energy, which can be used to 
overcome barriers to isomerization.  As a result, the infrared spectra of the “warmer” species can 
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(APE)(H2O) are no exception.  As shown in Figure 4.6, these spectra are lacking the intense 
features attributed to the APE intramolecular hydrogen bond and have much different features in 
the OH stretching region compared to the M
+
(APE)(H2O)Ar spectra.   
The Na
+
(APE)(H2O) spectrum has one intense feature near 3640 cm
-1
 and a progression 
of weaker features that span from 3600-3850 cm
-1
.  These weaker features are a signature of a 
water molecule which is allowed to freely rotate within a cluster ion.
14
  This can only occur for 
water molecules that are not acting as hydrogen bond donors.  In other words, the water molecule 
for this cluster ion cannot be participating in a π-hydrogen bond, which was the configuration 
assigned to the Na
+
(APE)(H2O)Ar cluster ions.  Instead, a configuration like Na1a or Na1b 
should be considered since both of these involve a free water molecule.  The feature attributed to 
the APE intramolecular hydrogen bond is not present in this spectrum, so isomer Na1b can be 
eliminated from consideration, leaving only isomer Na1a.  The free OH vibrational stretch from 
the APE molecule is predicted to occur near 3650 cm
-1
 in isomer Na1a, which overlaps 
spectroscopically with the symmetric stretch of the free water molecule.   
The K
+
(APE)(H2O) spectrum resembles the Na
+
(APE)(H2O) spectrum, but with 
additional features in the range of 3200-3400 cm
-1
.  This is the region associated with features 
from the APE intramolecular hydrogen bond, but the features in this spectrum are not nearly as 




(APE)(H2O)Ar spectra.  Most likely, an isomer with the 
intramolecular hydrogen bond is present in this experiment, but as a minor contributor.  Four 
isomers of K
+
(APE)(H2O) are shown in Figure 4.2.  Isomers K1a and K1b each contain a free 
water molecule which would contribute to the spectral features located above 3600 cm
-1
.  Isomer 
K1a has the ion positioned between the lone pairs of the APE oxygen and nitrogen (which breaks 
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the intramolecular hydrogen bond), while isomer K1b preserves the intramolecular hydrogen 
bond and has the ion positioned above the APE phenyl ring.  Near 300 K, these isomers are 
predicted to be within ~2 kJ/mol of energy, so it is probable for both of them to be present in the 
molecular beam.  There is one small feature near 3590 cm
-1
, however, that cannot be attributed to 
either of these isomers.  This feature appears in the region associated with π-hydrogen-bonding, 
as seen in the K
+
(APE)(H2O)Ar spectrum.  Isomer K1c has this type of interaction but is 
calculated to be almost 12 kJ/mol higher in energy than isomer K1a near 300K.  Overall, this 
suggests that isomer K1a is likely the major contributor to the experimental spectrum, isomer 





There are three major differences in the Na
+
(APE)(H2O)2Ar spectrum  (Figure 4.7) 
compared to that of Na
+
(APE)(H2O)Ar.  First, the feature attributed to the APE intramolecular 
hydrogen bond has moved up in frequency from ~3225 to ~3260 cm
-1
.  Second, a new feature 
has appeared near 3650 cm
-1
, which is the region associated with either the APE free OH stretch 
or a water symmetric stretch.  Finally, a high-frequency shoulder has appeared near 3730 cm
-1
 on 
the water free OH stretching feature.  It is important to recognize, however, that no features from 
the Na
+
(APE)(H2O)Ar spectrum have disappeared, and that the CH stretching region appears 
virtually unchanged.  This suggests that the second water molecule fits into the cluster in such a 
way so that it does not disturb the Na
+
(APE)(H2O)Ar configuration.  Isomer Na1c was 
characterized by a π-hydrogen bond and an APE intramolecular hydrogen bond.  Of the seven 
isomers shown in Figure 4.2, only Na2c has both of these characteristics.  The second water 
molecule in this isomer is a free water and interacts only with the sodium ion, causing no 
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disturbance to the APE configuration.  The predicted frequencies for the symmetric and 
asymmetric OH stretching features of the free water molecule are 3646 and 3741 cm
-1
, 
respectively, in good agreement with the two new features in the Na
+
(APE)(H2O)2Ar spectrum.  
While the assignment of isomer Na2c is sufficient to explain all of the spectral features, it is still 
possible for additional isomers to contribute as well.  Isomer Na2a (with two free water 
molecules and no intramolecular hydrogen bond) is the minimum-energy structure (~10 kJ/mol 
below Na2c) identified in our geometry search.  All of the features in the calculated spectrum of 
this isomer overlap with features in the Na2c calculated spectrum, so it cannot be definitively 
excluded from consideration.   
The K
+
(APE)(H2O)2Ar spectrum (Figure 4.8) contains quite a few features which were 
not present in the K
+
(APE)(H2O)Ar spectrum, including high- and low-frequency shoulders on 
the free water OH stretching feature, two new features near 3630 and 3645 cm
-1
 and a variety of 
features across the entire range from 3025-3550 cm
-1
.  This spectral congestion makes it difficult 
to assign specific isomers to the K
+
(APE)(H2O)2Ar cluster ions.  It is clear, however, that 
multiple isomers must be contributing to this experimental spectrum, and that significant 
hydrogen bonding has taken place. 
Near 100K, isomers K2b, K2c and K2d are calculated to be within 6 kJ/mol of the 
minimum-energy isomer, K2a.  In contrast, no sodium-containing isomers are within 6 kJ/mol of 
isomer Na2a.  This corresponds well with the observation that more isomers were contributing to 
the potassium spectrum than the sodium spectrum. 







(APE)(H2O)2 spectrum (Figure 4.7) has considerably fewer features compared to 
the Na
+
(APE)(H2O)2Ar spectrum and is in fact virtually identical to the Na
+
(APE)(H2O) 
spectrum.  The only significant difference is a more defined feature near 3720 cm
-1
 instead of the 
broad feature in this region of the Na
+
(APE)(H2O) spectrum.  The Na
+
(APE)(H2O) cluster ions 
were assigned to structure Na1a, which contained a single free water molecule.  Since the 
spectral features are so similar for the Na
+
(APE)(H2O)2 spectrum, it is highly probable that these 
cluster ions contain two free water molecules, as shown in isomer Na2a.  In this scenario, the 
feature near 3720 cm
-1
 is assigned to water asymmetric stretches, the feature near 3645 cm
-1
 to 
symmetric water stretches, the feature near 3375 cm
-1
 to the NH2 asymmetric stretch, and the 
features in the range 2900-3150 cm
-1
 are assigned to CH stretches.  All of the other 
Na
+
(APE)(H2O)2 structures shown in Figure 4.2 contain some form of hydrogen bonding (water-
water or intramolecular APE), which is inconsistent with the reported spectrum. 
Although considerably simpler than the K
+
(APE)(H2O)2Ar spectrum, the K
+
(APE)(H2O)2 
spectrum (Figure 4.8) still has quite a few features.  Unlike the Na
+
(APE)(H2O)2 spectrum, it 
must have more than one contributing isomer.  Fortunately, the spectral features are similar to 
those in the K
+
(APE)(H2O) spectrum.  The features in the OH stretching region come from a 
combination of free/asymmetric (~3715 cm
-1
), symmetric (~3645 cm
-1
) and π-hydrogen-bonded 
(~3590 cm
-1
) stretches.  The features in the middle of the spectrum come from the asymmetric 
and symmetric NH2 stretches as well as the intramolecular APE hydrogen bond.  Isomers K2b 
and K2a contain all of these interactions.  Isomer K2b (with two free water molecules) is the 
minimum-energy isomer near 300K, while isomer K2a (with one free water molecule and one 
involved in a π-hydrogen-bond) is only about 3 kJ/mol higher in energy.       
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The ion dependence of the n=2 spectra is quite striking.  For both the warm and cold 
spectra, the potassium version is significantly more complex than the sodium version.  The cold 
potassium spectrum was so complex that it couldn’t even be assigned to specific isomers.  The 
K
+
(APE)(H2O)2 spectrum appears to come from a combination of isomers with both free and π-
hydrogen-bonded water molecules.  In addition, contributions from isomers with (K2a) and 
without (K2b) the intramolecular APE hydrogen bond were detected.  There does not appear to 
be a strong preference for the position of the K
+
, while the preferred location for the Na
+
 is the 









(APE)(H2O)2Ar involved only minor 
spectral changes, but the addition of a third water molecule to the cluster ion created a dramatic 
change in the observed features, as shown in Figure 4.9.  The features associated with a free 
water molecule and a π-hydrogen-bonded water molecule are still present near 3730, 3720, 3650 
and 3585 cm
-1
, but new features have popped up in the OH stretching region near 3700, 3540, 
3495 and 3455 cm
-1
.  There appear to be smaller features which are also present in this region 
that are not fully resolved, particularly near 3565 and 3510 cm
-1
.  The features between 3450-
3600 cm
-1
 are indicative of water-water hydrogen bonding.
9, 12
  With so many OH stretching 
features present, there must be several isomers contributing to this spectrum.  The minimum-
energy isomer, Na3a, contains a “bent” hydrogen bond in which two water molecules in the first 
solvent shell act as single donors to secure a water molecule in the second solvent shell.  This 
isomer is calculated to exhibit strong features near 3549 and 3520 cm
-1
.  Of the five isomers 
shown in Figure 4.2, only Na3a is thermodynamically expected to contribute to this experiment.  
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The remaining features must come from isomers which are trapped in the molecular beam.  
Unfortunately, this limits the ability to assign specific isomers to a spectrum which is as cluttered 
as this one.  Instead, we can only propose several bonding motifs which could contribute to the 
experiment.  The first is a water chain, as shown in Na3e, which is predicted to exhibit hydrogen-
bonded stretches near 3510 and 3455 cm
-1
.  Another good possibility is isomer Na3c.  This 
isomer has a bent hydrogen bond, much like isomer Na3a, but in this case one of the first-shell 
water molecules also participates in a weak π-hydrogen bond with the APE phenyl ring.  The 
weak hydrogen bond is calculated to appear near 3710 cm
-1
 and could be assigned to the new 
feature near 3700 cm
-1
 in the Na
+
(APE)(H2O)3Ar spectrum.  In addition, isomer Na3c also 
contains the APE intramolecular hydrogen bond, which would contribute to the feature near 
3300 cm
-1
 in the experiment.  Although specific isomers cannot be identified, it is clear that 
significant water-water hydrogen bonding has occurred for these cluster ions. 
The K
+
(APE)(H2O)3Ar spectrum (Figure 4.10) is, surprisingly, somewhat simpler than 
the Na
+
(APE)(H2O)3Ar spectrum.  This is the only occurrence of this phenomenon in any of the 
M
+
(APE)(H2O)nAr0,1 spectra reported here.  The energetically-preferred isomer at low 
temperatures is K3a, which contains the same bent hydrogen-bonded configuration as isomer 
Na3a.  As seen in Figure 4.10, isomer K3a does a relatively decent job of replicating many of the 
spectral features, but two features are not replicated:  one near 3595 cm
-1
 (possibly from a π-
hydrogen bond) and one centered just below 3100 cm
-1
.  Isomers K3b and K3c each contain a π-
hydrogen bond, but the intramolecular APE hydrogen bond in each of these isomers is not 
consistent with the experiment.  The other feature which has not yet been assigned is in the 
region of the aromatic CH stretches.  The intensity of this feature is enhanced relative to the 
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aliphatic CH stretches.  Calculations have unfortunately not been able to replicate the increase in 







(APE)(H2O)3 spectrum (Figure 4.11) preserves the features near 3720 and 3650 
cm
-1
 from the Na
+
(APE)(H2O)2 spectrum (attributed to free water molecules) and also has 




 The lowest feature is likely from an isomer 
containing the APE intramolecular hydrogen bond, while the other features are indicative of 
water-water hydrogen bonding.  Features near 3550 cm
-1
 are often associated with bent hydrogen 
bonds, while features near 3450 cm
-1
 have been assigned to linear hydrogen bonds (one first-
shell water molecule donates a hydrogen to a second-shell water).
9, 12, 14
  It is likely that several 
isomers are contributing to this experiment.  Isomers Na3a and Na3b are the energetically-
preferred isomers near 300 K, but as shown in Figure 4.11, neither of the isomers stands out as 
an exceptional match for the experiment.   
Compared to the Na
+
(APE)(H2O)3 spectrum, the K
+
(APE)(H2O)3 spectrum (Figure 4.12) 
has many of the same features.  One of the new features appears near 3440 cm
-1
 and is consistent 
with a linear water-water hydrogen bond, as shown in isomers K3b, K3c and K3d.  In fact, these 
three isomers can account for most of the features in the K
+
(APE)(H2O)3 spectrum.  The 
calculated spectra are shown in Figure 4.12.  For each experimental feature, there is at least one 
calculated feature which corresponds to it.  The one exception is the feature near 3230 cm
-1
 in the 
experimental spectrum, which does not correspond to any of the calculated features.  The 
problem with these assignments, however, is that since many of the features overlap, it is not 
possible to definitively include or eliminate any of the individuals isomers from the assignment.  
 76 
Rather, isomers K3b, K3c and K3d are simply good possibilities that could be contributing to the 
experimental spectrum.   




(APE)(H2O)nAr0,1 spectra reported here demonstrate a strong dependence on both 
the identity of M
+
 and the evaporative cooling pathway.  Cluster ions stabilized through the loss 
of argon are able to trap high-energy conformers, while cluster ions stabilized through the loss of 
water tend to reach thermodynamic equilibrium.   










(APE)(H2O)Ar due to the stronger electrostatic forces of the sodium ion.  For 
all of the other spectra (with the exception of M
+
(APE)(H2O)3Ar), the potassium spectra were 
more complex, and were assigned to contributions from multiple isomers.  Also, almost every 
potassium spectrum contained features from isomers with an APE intramolecular hydrogen bond 
as well as those in which the potassium ion interrupted the internal hydrogen bond.  This is 
consistent with the isomers identified in a search for minimum-energy structures (Figure 4.2).  
The low-energy structures for sodium-containing isomers consistently indicated a strong 
preference for the sodium ion to interrupt the APE internal hydrogen bond, while low-energy 
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Figure 4.2:  Low-energy conformers of M
+
(APE)(H2O)0-3 for M = Na and K 
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Figure 4.3:  IRPD spectra of Na
+















Figure 4.4:  Calculated spectra corresponding to the four low-energy isomers of Na
+
(APE) 
shown in Figure 4.2 
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Figure 4.5:  IRPD spectra of Na
+
(APE)(H2O)Ar (top) and K
+
(APE)(H2O)Ar (bottom)  
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Figure 4.6:  IRPD spectra of Na
+
(APE)(H2O) (top) and K
+
(APE)(H2O) (bottom)  
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(APE)(H2O)2Ar, along with the calculated 
spectra corresponding to isomers Na2c and Na2a 
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(APE)(H2O)2Ar, along with the calculated 
spectra corresponding to isomers K2a, K2b, K2c and K2d 
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Figure 4.9:  IRPD spectrum of Na
+
(APE)(H2O)3Ar, along with the calculated spectra 
corresponding to isomers Na3a, Na3c and Na3e 
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Figure 4.10:  IRPD spectrum of K
+
(APE)(H2O)3Ar, along with the calculated spectrum 
corresponding to isomer K3a 
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Figure 4.11:  IRPD spectrum of Na
+
(APE)(H2O)3, along with the calculated spectra 
corresponding to isomers Na3a and Na3b 
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Figure 4.12:  IRPD spectrum of K
+
(APE)(H2O)3, along with the calculated spectra corresponding 
to isomers K3b, K3c and K3d 
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